One of the hallmark mechanisms activated by type I interferons (IFNs) in human tissues involves cleavage of intracellular RNA by the kinase homology endoribonuclease RNase L. We report 2.8 and 2.1 angstrom crystal structures of human RNase L in complexes with synthetic and natural ligands and a fragment of an RNA substrate. RNase L forms a crossed homodimer stabilized by ankyrin (ANK) and kinase homology (KH) domains, which positions two kinase extension nuclease (KEN) domains for asymmetric RNA recognition. One KEN protomer recognizes an identity nucleotide (U), whereas the other protomer cleaves RNA between nucleotides +1 and +2. The coordinated action of the ANK, KH, and KEN domains thereby provides regulated, sequence-specific cleavage of viral and host RNA targets by RNase L. C ells of higher vertebrates respond to pathogens and damage by releasing interferons (IFNs), which activate protective programs in surrounding cells. One of the ubiquitous protective programs in mammalian tissues involves cleavage of intracellular RNA by a protein kinase family receptor, RNase L (1). RNase L is a latent endoribonuclease encoded by the hereditary prostate cancer 1 (HPC1) locus and activated by the second messenger, 2-5A (2′,5′-linked oligoadenylates of variable length) (1) . In human cells, 2-5As are synthesized by IFN-induced 2-5A synthetases, which serve as sensors of pathogen-and damageassociated double-stranded RNA (dsRNA) (2, 3) . The activation of RNase L thus depends on the action of IFNs and accumulation of dsRNA.
Here, we report two crystal structures of human RNase L (table S1). These structures and complementary functional studies reveal the mechanism of 2-5A sensing and RNA cleavage by RNase L and suggest that a similar mechanism of RNA cleavage operates during regulated Ire1-dependent decay (RIDD) (4). We obtained diffracting crystals of nearly full-length human RNase L using cocrystallization with 2-5A, nucleotides, and an RNA 18-nucleotide oligomer 5′-GGCUUUUGACCUUUAUGC-3′ (RNA18).
Cocrystallization with RNA18 was enabled by the use of a catalytically inactive RNase L mutant H672N. The final construct includes residues 21 to 719. A version of this construct with a wild-type (WT) active site is catalytically active in solution.
We determined structures of two RNase L complexes, which crystallized in different space groups (table S1). Both complexes reveal the same crossed homodimer that buries >8000 Å 2 of surface area (Fig. 1A) . Previous solution studies indicated that RNase L can form dimers and higher-order oligomers (5) . Modeling based on the oligomer of Ire1 (6) predicts that the homodimers of RNase L could form a similar assembly. The kinase homology (KH) domain of RNase L has a typical protein kinase fold with two globular lobes (Fig. 1B) . Adenosine diphosphate (ADP) and b,g-methyleneadenosine triphosphate are bound to the KH domain in the same conformation as ADP in the catalytically active protein kinase Ire1 ( fig. S1 , A to C). Nonhydrolyzable nucleotides and ATP exhibit the same effect on RNase L ( fig. S1D ), indicating that ATP hydrolysis is not involved in RNase L regulation, as suggested previously (7).
The KH domain lacks the conserved DFG motif found in most protein kinases and contains the DFD sequence, resembling protein kinases Mnk1/2 (8) . RNase L does not carry out autophosphorylation (7), but it remains unknown whether RNase L phosphorylates nonself targets.
To examine this possibility, we assayed phosphorylation of a nonspecific substrate, myelin basic protein (MBP), using Ire1 as a control kinase. Ire1 phosphorylated MBP, whereas RNase L was inactive ( fig. S1E ), supporting the current consensus that RNase L is a pseudokinase. The activation loop of RNase L contains only 13 amino acid residues and is among the shortest in the human protein kinome ( fig. S3 ). The interlobe hinge and the ATP pocket contact a unique helix from the ankyrin (ANK)/KH linker ( Fig. 1B and fig. S2 ). These attributes of the KH domain likely reflect adaptation to autophosphorylation-independent control as a homodimerization scaffold.
Previous structural studies identified two different 2-5A binding sites in the ANK domain (5, 9). The crystal structure of the entire RNase L now reveals an unanticipated third site in the N lobe of the KH domain (Fig. 1A and fig. S4 , A to C). The ANK and KH domains create a composite pocket for 2-5A binding, which exposes the 2′-end to solvent to accommodate long 2-5A molecules and anchors the 5′-end in the ANK domain ( fig.  S5A ). Although RNase L can recognize 5′-p and 5′-ppp groups, at saturating concentrations 2-5pA 3 activates RNase L stronger than 2-5pppA 3 ( fig.  S5 , B and C). The ANK/ANK homodimer binds 2-5A in a configuration that displays the phosphate p1 for recognition by the KH domain ( fig.  S6 ). Mutagenesis of the KH/2-5A interface confirms that the N lobe is functionally involved in 2-5A sensing ( fig. S4D ). The ANK domain contains a characteristic helix aI, which docks to the KH domain in trans upon homodimerization ( fig. S7 ). The aI/N-lobe interaction and an ANK/N-lobe contact mediated by the residue R238 also facilitate RNase L activation by 2-5A ( fig. S4, C and D) .
The KH/KH and kinase extension nuclease (KEN)/KEN interfaces resemble those in Ire1 (10) . Mutagenesis confirmed that both interfaces are important for 2-5A-dependent RNase L activation ( Fig. 2A) and dimerization (fig. S8) . The KEN residues involved in catalysis in Ire1 (10, 11) are structurally invariant in RNase L (Fig. 2B) , indicating that these enzymes share the same catalytic mechanism. However, the KEN domains contain different a-helix/loop elements (HLE) (6), implicated in RNA specificity (10) . To examine the HLE function, we shortened this element in RNase L (DHLE). The DHLE mutant still cleaved RNA but exhibited a decreased rate and a greater preference for single-stranded RNA (ssRNA) versus stem loops (Fig. 2C) (Fig. 2C) , revealing that the HLE of Ire1 is insufficient for directing RNase L to stem loops. Thus, the HLE does not determine the substrate specificity of RNase L (and, by extension, of Ire1) and only facilitates RNA cleavage.
Both complexes of RNase L described here were obtained with an RNA bound in the active site. Two sugar-phosphate groups and one pyrimidine nucleobase are resolved in complex II ( fig. S9 and table S1 ). We modeled uridine based on the preference of RNase L for AU-rich sites (12) and biochemical studies of RNA substrates described below. The U residue blocks access of the nearest catalytic histidine H672 to the phosphodiester backbone. Thus, RNA cleavage should be carried out by the symmetry-related histidine H672 provided by homodimerization (Fig. 3A) . Distance constraints suggest that cleavage occurs between the nucleotides +1 and +2 relative to the U residue.
To test this model, we employed an in trans complementation assay using a mixture of WT and catalytically inactive RNase L (H672N). The H672N mutation eliminates the proton transfer but preserves the H-bonding and space-filling character of histidine. Thus, the H672N mutant should interact with RNA analogous to the WT protein but without cleaving the RNA. The in trans complementation assay was performed by adding increasing concentrations of the H672N mutant to a fixed and limiting concentration of WT RNase L (2 nM). The H672N mutant was a potent in trans activator for WT RNase L, whereas double H672N mutant was inactive (Fig. 3B) . Thus, a single H672 residue per a KEN/KEN dimer is necessary and sufficient for RNA cleavage. The biochemical and structural data converge on a single mechanism of RNA cleavage by RNase L that involves recognition of a U residue by one KEN protomer and catalytic RNA scission by the second KEN protomer. The size of the nucleotidebinding pocket in RNase L can explain the preference for a pyrimidine, whereas U/C discrimination apparently results from H bonding with H672 ( fig. S10) .
In contrast to other endoribonucleases, such as RNase A and RNase T1, RNase L does not cleave ssRNA randomly. Only a single site is cleaved in 5′-CCCCCCCCCCCUU^UCCCCCCC-3′ ssRNA (RNA21) (^denotes the cleavage site) (13) . RNase L has been described as an enzyme that cleaves RNA at dinucleotides UU and UA (12) , as well as after dinucleotides UN (14) . Our structural analysis suggests that RNase L recognizes the pattern UN^N, supporting cleavage 3′ of UN sequences. To verify this assignment, we synthesized a series of model RNA substrates. RNase L cleaved these substrates according to the UN^N rule (Fig. 3C) . We next designed substrates DI and DII, which use a different RNA backbone and contain the AU, UA and UN^N sequences in mutually exclusive positions. RNase L cleaved these substrates also according to the UN^N pattern (Fig. 3D) . The UN^N rule extends to the biological targets of RNase L. Cleavage of 28S rRNA within the L1 protuberance occurs at UG^C, www.sciencemag.org SCIENCE VOL 343 14 MARCH 2014 CU^G, and UC^G sites (15) (Fig. 4A) , which do not contain the UU/UA dinucleotides conventionally ascribed to RNase L targets (12) . However, two of them match the UN^N pattern. Cleavage of hepatitis C virus RNA (12) occurs markedly at the UN^N sequences (Fig. 4A) .
To confirm that key functional residues identified by our structural and biochemical analyses are important in vivo, we tested the activity of several RNase L mutants in human cells using 28S rRNA cleavage readout (12) . RNase L mutants R163A (aI clamp), R412A (KH/KH interface), R427A (recognition of 2-5A), and H672N (RNA cleavage) were tested and displayed reduced activity compared with WT RNase L. Western blotting confirmed that all mutants were expressed similarly (Fig. 4B) .
The mechanism of RNA cleavage by RNase L identified here has implications for understanding RNA decay by a related receptor, Ire1. In addition to cleaving canonical RNA stem loops within Hac1/XBP1 mRNA, Ire1 has a broader second set of RNA targets, which are cleaved during RIDD (4). Our review of these targets revealed a surprising agreement between the recently mapped RIDD cleavage sites and the consensus UN^N established for RNase L. This is observed with Angptl3 mRNA (16), Cyp1 mRNAs (17) , and pre-mir-17 microRNA (18) , all of which are cleaved at UG^C sites. Moreover, Ire1 in fission yeast, which lacks the Hac1 gene, cleaves mRNA at sites NNUG^CNN (19) that match both the UN^N pattern and the UG^C pattern in RIDD substrates. Thus, structural similarity between RNase L and Ire1 results in a functional similarity, which hitherto escaped notice.
To examine this functional relationship, we tested cleavage of UN^N motifs by Ire1. Ire1 did not cleave UU^U, UU^A, and UA^A sequences, exhibiting a mutually exclusive specificity with RNase L (fig. S11) both cleaved the UG^C sequence (DIII) (Fig. 4C) and were sensitive to a U→A mutation (DIV). Ire1 was still able to cleave the G^C site in substrate DIV, indicating that the catalytic KEN protomer of Ire1 provides G^C recognition. Together, our experiments and the studies of RIDD and fission yeast suggest that RNA decay by RNase L and RIDD use related mechanisms of RNA cleavage (fig. S12) .
RNase L is expressed in most human tissues, which imposes the requirement for a delicate regulation of this protein to prevent uncontrolled RNA cleavage, growth inhibition, and apoptosis. Here, we describe the mechanism of this regulation. Our findings further the understanding of the IFN response and RIDD and provide a structural basis for designing synthetic 2-5A analogs as molecular probes and modulators of IFN Note added in proof: After this manuscript was submitted, groups of F. Sicheri and R. Silverman published a structural analysis of porcine RNase L. This work reports a similar crossed homodimer but observes different KEN/KEN interactions (20) due to a conformational difference presumably caused by RNA binding. 
